a set of mineral phases hypothesized to be the reactive constituents in the system, the program calculates the mass transfer (amounts of the phases entering or leaving the aqueous phase) necessary to account for the observed changes in composition between the two water samples. Additional constraints can be included in the problem formulation to account for mixing of two end-member waters, redox reactions, and, in a simplified form, isotopic composition. The computer code and a description of the input necessary to run the program are presented. Three examples typical of groundwater systems are described.
DESCRIPTION OF THE PROGRAM
BALANCE is a Fortran computer program designed to help define and quantify chemical reactions between ground water and minerals. Data required to run the program are: (1) the chemical compositions of two water samples, generally assumed to represent points along a flow path, and (2) the chemical compositions of a set of minerals, organic substances, or gases, which we will call phases, selected as the reactants or products in the system. Implicit in this treatment is the assumption that only these selected phases participate in the chemical reactions that determine the composition of the final water.
The program calculates the mass transfer (amounts of phases entering or leaving the aqueous phase) necessary to account for the observed changes in composition between the two solutions. The purpose of BALANCE is to derive balanced reactions of the form:
Initial Solution + Reactant Phases 4-Final Solution + Product Phases (1) A "reaction model" is defined by the selected phases and the calculated amount of each phase necessary to satisfy equation 1. In general, many reaction models can account for an observed change in water chemistry. BALANCE alone cannot determine if any one, unique set of phases governs the reactions in the ground-water system.
BALANCE models are not constrained by any thermodynamic criteria and may imply reactions that are thermodynamically impossible. Methods for identifying reaction models that do not satisfy thermodynamic or other criteria are presented in Plummer and others (1982) . In the the ideal case, all but one reaction model can be eliminated, leaving one unique chemical model consistent with the available data.
The program BALANCE is designed specifically for mineral-water interactions, but essentially BALANCE solves any set of linear equations formulated by the user. The report includes discussions of several processes which can be formulated as linear equations: (1) mass balance on elements, (2) mixing end-member waters, (3) oxidationreduction reactions, and (4) simple isotope balance. Following these discussions, the input necessary to run the program and three examples in a carbonate system are presented.
Elements
In order to use BALANCE, the chemical composition of two waters must be known. Only the total concentrations of each element are required for models in which redox reactions are not considered. BALANCE accepts two kinds of concentration data as input: (1) the total concentration of each element in the initial and final solutions, or (2) the difference in total concentration for each element between the final and initial solutions (final -initial). If data are unavailable for some element, reasonable assumptions may describe the change in concentration for that element. For example, if the total concentration of iron is not known but can be assumed to be very low, then it may be reasonable to assume that iron is essentially conserved in any reaction and that the difference in iron concentration between the initial and final solution is zero. The problem of missing analytical data is discussed more thoroughly in Plummer and others (1982) .
Phases
The phases to be used in the calculations are selected by the user on the basis of the geology, hydrology, or mineralogy of the system. These "plausible" phases generally are mineral solids but may also include gases, ion exchangers, or (in the special case of mixing) other aqueous solutions. For the purposes of this program, a phase represents a set of chemical elements that enter or leave the initial solution in fixed ratios. The objective in selecting phases is to provide a source or sink for each element in the initial and final solutions. The result is a set of linearly independent equations which can be solved simultaneously to yield values that describe the amount of each phase participating in the reaction.
In general, the number of phases must equal the number of elements in order to solve the set of equations. Although the calculated mass transfer for one or more phases might be zero, indicating that the phase(s) did not participate in the reaction, the phase(s) must still be included in the input to BALANCE in order to perform the calculations.
Element Mass Balance Equations
The equations for mass balance on elements are:
for each element k = 1 to J.
where the notation is defined as follows: P is the number of total reactant and product phases in the net reaction, ap is the calculated mass transfer of the p th phase, b k denotes the stoichiometric coefficient of the k th element in tg pth phase, mT k is the total e molality of the kth element in solution, and J is'the number of elements included in the calculation. In problems with only element mass balance equations (no redox or mixing), P = J.
Mixing
This program also allows for the following type of problem: Two end-member waters mix in unknown proportions and, in addition, phases dissolve and precipitate to produce a final water. In this problem, the two initial solutions are treated exactly like other phases and al is the fraction of initial solution 1 and a2 is the fraction of initial solution 2 which combine, along with mineral reactions, to produce the final solution. In addition to the element mass balance equations, an additional equation is automatically included to ensure the sum of the two fractions is equal to 1.
For a mixing problem, the number of phases (other than solutions) that must be included is equal to the number of elements minus one, P = J -1.
Redox
When studying systems involving oxidation and reduction, it is necessary to conserve electrons in chemical reactions. Each mole of electrons released in oxidizing certain species must be consumed by reducing other species. We use the electron counting convention from the program PHREEQE (Parkhurst and others, 1980) to ensure conservation of electrons. (See also Plummer and others, 1982 .) The convention defines a redox state for a solution as:
where RS is the redox state of the solution, mi is the molality of the .th aqueous species, vi is the "operational valence" of the ith species, and I is the total number of species.
A redox species is defined as a species of any element which can occur in more than one oxidation state in natural aqueous environments. The rules for determining the operational valence of aqueous species are: (1) use the formal elemental valence for aqueous redox species, (2) use zero for non-redox species, (3) use the sum of the operational valences of species which associate to form redox complexes, (4) assign zero _ to the valences of H and 0 in aqueous species, (5) use f. zero for H and OH, (6) use -2.0 for H (an) and +4.0 for 0 0° 2 2(aq' The operational value of a phase is defined in the same way as for a dissolved complex. Table 1 lists examples of the operational valence of selected species and minerals.
Using these definitions, a linear equation ensuring the conservation of electrons can be formulated. The redox state is included in BALANCE input as an "element". In this report we have chosen the letters "RS" to designate this pseudo-element.
where u is the operational valence of the p th phase and RS denotes the redox state of the solution. If we consider RS to be another element, then the same equalities hold for the number of phases and the number of elements. For non-mixing problems, P = J (including RS) and for mixing P = J -1.
Results
The results of running the program BALANCE are a set of numbers indicating the moles of each phase which react with the initial solution to produce the final solution (positive for dissolution, negative for precipitation). In the mixing case, the numbers for solution 1 (al) and solution 2 (a2) are the mixing fractions for the two solutions.
Error Messages
Two error messages may be printed by the progra. If the number of phases does not match the number of elements, the number of phases counted by the program is printed, followed by the number of elements counted, with the message, "NUMBER OF PHASES DOES NOT MATCH NUMBER OF EQUATIONS". If the linear eauations are found to be linearly dependent, then "THE PHASE RULE HAS BEEN VIOLATED" is printed. If the selected phases do not include a source or sink for each element or if they include minerals whose compositions can be derived by linear combinations of other minerals in the set, this error message will be printed. For example, if CaCO3, MgCO3, and CaMg(CO3)2 are chosen as phases, an error will result because:
In BALANCE, a division by zero often occurs before this message is printed which may result in an abnormal termination of the program. Although the reason may not be immediately obvious to the user, the cause of the latter error message nearly always lies in the choice of the mineral phases.
PROGRAM INPUT
The program BALANCE requires three types of input to run: (1) A title, (2) a set of elements and their total concentrations or changes in concentrations, and (3) a set of minerals defined in terms of their elemental stoichiometry (and operational valence for redox problems). In the description that follows the Fortran format for each card is given in parentheses. The input is as follows: TYPE 1: TITLE (20A4) The title is any name or description of 80 characters or less (one card).
TYPE 2: Solution data. Only one of the following type 2 forms of input may be used for a single simulation.
2.a. ENAME, EDELTA (A2,F8.3) ENAME -The standard element abbreviation (e.g. K, NA, or CL). The abbreviation must be left justified and if redox is considered, RS must be one of the elements.
EDELTA -The difference in total concentration of the element between the final and the initial solution (final -initial). The units used may be molal, mmolal, or pmolal. No distinction is made between molarity and molality. The same units must be used for all elements.
2.b. ENAME, SFINAL, SINIT (A2,F8.3,F10.3) ENAME -Same as above.
SFINAL -The total concentration of the element in the final solution in mole, mmole or pmole units, provided the same unit is used for all elements.
SINIT -The total concentration of the element in the initial solution.
2.c. ENAME, SFINAL, SINIT1, SINIT2 (A2,F8.3,F10.3,F10.3) ENAME -Same as above.
SFINAL -Same as above.
SINIT1 -The total concentration of the element in one of the two end-member solutions which mix to form SFINAL.
SINIT2 -The total concentration of the element in the other end-member solution assumed to mix in forming SFINAL.
BALANCE calculates the fractions of the two initial solutions, with or without additional reaction, which combine to form the final solution.
Any number of elements for which there are data may be included (one element per card) but a mineral source or sink must be included for each element. All elements for a single simulation must use a single type (2.a., 2.b., or 2.c.) of input.
Note: The final card of type 2 input must be blank.
TYPE 3: Phase data. PNAME, (PELT(J), PCOEF(J), J=1,7) (A8,2X,7(A2,F8.3)) PNAME -An eight character name for the phase.
PELT
-The standard abbreviation for a constituent element of the phase (must be left justified and identical to ENAME used in type 2 input). Seven sets of PELT and PCOEF (see below) can be read on this card but only those necessary to define the mineral need to be entered. RS must be included if redox is being considered. Omission of an element or RS implies zero.
PCOEF -Read as a pair with PELT, this is_the stoichiometric coefficient for the element in the phase. For RS, PCOEF is the operational valence of the phase. (See table 1 for examples.)
A number of phases equal to the number of elements must be entered for types 2.a and 2.b. For mixing cases, the number of phases must be one less than the number of elements. Elements in the phases which are not included in the list of elements will be ignored in the calculations.
EXAMPLES
Three examples are presented below to demonstrate how to code problems for BALANCE and to show some of the varieties of reactions and data that can be considered.
Example 1
The observed analytical data for initial and final waters for example 1 are given in table 2: Note that accompanying the increases in total dissolved calcium, magnesium, and sulfur (sulfate in this case), total inorganic carbon decreases in the final water. The four elements for which analytical data are given allow four phases to be included in testing reaction models. The four phases chosen for this example are calcite (CaCO3), dolomite (CaMg(CO3)2), gypsum (CaSO4.2H20), and CO2 gas.
The mass balance equations (equation 2) for this choice of phases are given as follows:
tmT,Ca = 3.230 -1.118 = la calcite + ladolomite 4-lagypsum ( 7) tmT,M = 2.668 -0.950 = ladolomite (8) g
LmT,S = 4.000 -0.0 = la gypsum (9) (10) AmT,C = 4.294 -4.464 = lacalcite + 2adolomite + laCO2 a/ Although the analytical data of table 2 are realistic, they were generated from thermodynamic data using the equilibrium model PHREEQE (Parkhurst and others, 1980) . Both solutions are constructed to be in equilibrium with dolomite and calcite, but undersaturated with gypsum. Table 3 lists the input data set for BALANCE. Card 1 is the title card. Cards 2-5 define the element concentrations in the final and initial water using type 2.b input (as defined earlier). Card 6 is a blank card denoting the end of type 2 input. Cards 7-10 define the selected phases for the reaction model, type 3 input, and card 11 is blank denoting the end of type 3 input. BALANCE will accept successive reaction model data sets but only one data set is given in table 3. Table 4 gives the results computed by BALANCE including the linear matrix of coefficients used to solve the reaction model and the computed mass transfers of the selected phases (DELTA PHASES). Note that the coefficients of the array are the same as the coefficients in the mass balance equations in equations 7-10. The results of table 4 show that if calcite, dolomite, gypsum, and CO2 are the minerals reacting in the ground-water between the initial and final solution, then the reaction is incongruent dissolution of dolomite (dolomite dissolution with calcite precipitation) accompanying the dissolution of gypsum in a system closed to CO? gas.
Example 2
This example assumes that an observed final water composition has resulted from the mixing of two end-member (initial) solutions with subsequent reactions. The final observed water and the two initial solutions are summarized in table 5. As with example 1, the water chemistry was constructed using PHREEQE (Parkhurst and others, 1980) . The end-member waters are (1) a calcium bicarbonate water in equililibrium with calcite at a P CO of 10 -2 atm, and (2) seawater. The final water has been constructed2 to be in equilibrium with calcite and dolomite. In this example, we are interested in computing the fractions of solutions 1 and 2 in the mixture and the amounts of subsequent mineral-water reactions. The phases chosen for these calculations are calcite, dolomite, gypsum, CO? gas, NaC1, and Ca2+-Nab" ion exchange. Note that because this is a mixing problem, the number of phases (6) is one less than the number of elements (7). The ion exchange reaction is written Na2X + Ca 2+ + 2Na + + CaX Table 6 lists the card deck to solve example 2. Card 1 is the title card. Cards 2-8 define the total concentrations of the elements in the final water and in the end-member solutions 1 and 2. Card 9 is blank. Cards 10-15 define the stoichiometry of the mineral reactions included in the model and card 16 is blank. Table 7 gives the results computed by BALANCE which indicates that the final water contains 70 percent calcium bicarbonate water (solution 1) and 30 percent seawater (solution 2). In addition to mixing, the water has dissolved 14.58 mmol of calcite and precipitated 7.37 mmol of dolomite per kg H20. None of the other phases considered in this example have contributed significantly to the evolution of the final water.
Example 3
This example uses observed chemical data from the Floridan aquifer and is similar to the modeling considered by Plummer and others (1982) . The analytical data for the initial and final waters, including data on the sulfur isotopes, are summarized in table 8.
In calculating the mass transfer in the evolution of the initial water to the final water, three types of linear equations are solved simultaneously: (1) chemical mass balance, (2) conservation of electrons, and (3) a linear sulfur isotope balance equation. These equations are developed below for a reaction model that assumes the following set of seven phases: calcite (CaCO3), dolomite (CaMg(CO3)2), gypsum (CaSO4.2H20), organic matter (CH2O), carbon dioxide (CO2), ferric hydroxide (Fe0OH), and pyrite (FeS2). It is important to note that these choices of phases are arbitrary. Other sets of phases will also lead to valid reaction models. That is, all the mass balance and redox criteria included in BALANCE can be satisfied by other sets of phases. Because our problem involves changes in oxidation state, one equation of the form of equation 5, must be included.
In this system, carbon, sulfur, and iron are the only redox elements we have included.
21 All concentrations of elements are given in mmol/kg H2O and are taken from Back and Hanshaw (1970) . Isotope values are in per mil (°/oo) by Rightmire and others (1974) and Rye and others (1981) .
Using equation 4, RS for the initial solution is given by RS = 4(2.055) + 6(0.025) + 0 = 8.370. In the final solution, RS = 4(2. 
Linear isotope equation
Linear isotope balance equations may be included with the mass balance and electron balance equations provided the reaction is either congruent (that is, mineral dissolution only), or, if incongruent, the fractionation between solution and solid can be neglected. Along our flow path, the measured fractionation is approximately 550/00 in the reduction of sulfate to sulfide. Because of this large difference in isotopic composition of sulfate and sulfide, we will ignore the small fractionation between dissolved total sulfide and pyrite of perhaps 1 to 20/00. The general form for the linear sulfur isotope balance equation is P apbs,p634sp = 0345 (18) p=1 A 345 = (mT,s634sT) final -(mT,S where,
634ST)initial and the subscript T denotes total sulfur (sulfide plus sulfate). In this example, the isotope equation is as follows:
The isotopic composition of dissolved sulfur, 634ST, in the final water is given by mT,SO4 2-634SS042-_ , (21) mT,H2S634s '123 634sT = ST Using the isotopic composition and total concentrations of sulfate and sulfide in the final water (table 8), the calculated 04ST is 23.673°/oo. Because dissolved sulfides are not present in the initial water, 634ST for this water is that of sulfate alone (14°/oo). Using these values of 634 ST and the total concentrations of sulfur in the final and initial waters (1.649 and 0.025, respectively), t34S from equation 19 is 38.687. Using a 634S value of +22°/oo for dissolving gypsum (Rightmire and others, 1974) Equations 12 to 17 and 22 are linear and may be solved simultaneously, using BALANCE, to yield values for the seven unknowns, ap. Table 9 lists the card deck to solve the problem. Card 1 is the title card. Cards 2-8 define the delta values (final -initial) for the elements, redox state, RS, and sulfur isotope, DS. Card 9 is blank. Cards 10-16 define the stoichiometry, redox state, and sulfur isotopic data for the phases. Card 17 is blank. Table 10 10 DOLOMITE CA 1.000 MG 1.000 C 2.000 PS 8.000 11 CALCITE CA 1.000 MG 0.000 C 1.000 RS 4.000 12 CO2 GAS C 1.000 RS 4.000 13 GYPSUM CA 1.000 S 1.000 RS 6.000 DS 22.000 14 "CH20" C 1.000 RS 0.000 15 GOETHITE FE 1.000 RS 3.000 16 PYRITE FE 1.000 S 2.000 RS 0.000 DS -65.800 17 +++++++++ I +++++++++ I +++++++++ 1 +++++++++'+++++++++'+++++++++'+++++++++'+++++++++' 1 0 2 0 3 0 4 0 5 0 6 0 7 0 8 0 Attachment A contains a listing of the Fortran source code for BALANCE. This code is stored in a catalogued partitioned data set named BFJONES.CARDS. The member name is BALANCE. Chapter two of the USGS Computer User's manual gives the JCL necessary to obtain listings and card decks for a partitioned data set.
The cards for the test problems in this report are stored in a card image file named PARK.BALANCE.TEST. This is a catalogued sequential data set and can be listed or punched using the JCL from the user's manual. By using the following JCL statements it is possible to run the test cases directly from the disk, without making a deck of the test cases. • ,r \•?".A H I I H 11"11111111INII 0
